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ABSTRACT

The provision of clean water is still a major challenge in developing parts of the world, as emphasized by the
United Nation Sustainable Development Goals (SDG 6), and has remained a subject of extensive research
globally. Advancements in science and industry have resulted in a massive surge in the amount of industrial
chemicals produced within the last few decades. Persistent and emerging organic pollutants are detected in
aquatic environments, and conventional wastewater treatment plants have ineffectively handled these trace,
bioaccumulative and toxic compounds. Therefore, we have conducted an extensive bibliometric analysis of
different materials utilized to combat organic pollutants via adsorption and photocatalysis. The classes of pol-
lutants, material synthesis, mechanisms of interaction, merits, and challenges were comprehensively discussed.
The paper highlights the advantages of various materials used in the removal of hazardous pollutants from
wastewater with activated carbon having the highest adsorption capacity. Dyes, pharmaceuticals, endocrine-
disrupting chemicals, pesticides and other recalcitrant organic pollutants have been successfully removed at
high degradation efficiencies through the photocatalytic process. The photocatalytic degradation and adsorption
processes were compared by considering factors such as cost, efficiency, ease of application and reusability. This
review will be good resource material for water treatment professionals/scientists, who may be interested in
adsorptive and photocatalytic remediation of organic chemicals pollutants.

1. Introduction

roughly over 1.8 billion kg waste are released daily into aquatic bodies
worldwide (Wang et al., 2020). The estimated volume of wastewater

The presence of chemical pollutants in water bodies has raised global
concern. Emerging contaminants are various unregulated or newly
regulated compounds and their transformation products, with the po-
tential to have adverse impacts on environmental and human health
(Adeola et al., 2022a, 2022b; Tavengwa and Dalu, 2021). These con-
taminants include micropollutants such as pharmaceuticals, personal
care products, surfactants, biocides, plasticizers, dyes, illicit drugs,
endocrine disruptors, pesticides and herbicides (Sanganyado, 2021;
Khan et al., 2022a; Mashile et al., 2022). It was reported that an esti-
mated 350,000 chemicals are in use, and an alarming amount of waste of

generated annually is not less than six times the volume of global aquatic
freshwater. Furthermore, acute and chronic exposure to chemical pol-
lutants has reportedly led to diverse toxicological effects for both
humans and aquatic fauna, even at trace concentrations (ng/L to pg/L
concentrations in fluids or ng/kg to pg/kg in solid matrices) (Sanga-
nyado, 2021). The provision of clean water, as emphasized by the United
Nation Sustainable Development Goals (UN SDGs) is still a major chal-
lenge, especially in developing parts of the world (UNSDG, 2018).
Therefore, concerted and extensive efforts have been directed globally
towards the development of suitable, efficient and ecofriendly
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remediation strategies for persistent and emerging chemical pollutants.

Various techniques have been employed in the removal of toxic
compounds from wastewater including phytoremediation (Masinire
et al., 2021), advanced oxidation processes (Khan et al., 2014; Khan
et al., 2021a), adsorption (Wang et al., 2019, 2022a; Adeola and Forbes,
2019, 2020), membrane treatments (Lagbaqbi et al., 2019), coagulation
(Dotto et al., 2019), biological treatment (Goswami et al., 2018; Khan
et al., 2022b). Some of these technologies have drawbacks such as high
cost of operation, complex operation and production of high quantity of
sludge (Adeola and Forbes, 2021; Igbal et al., 2022; Mashile et al.,
2022).

Among such technologies, adsorption and photocatalysis have
received vast attention due to their potential for practical application
with advantages such as low cost, safety and reliability (Khan et al.,
2021b). Adsorption is regarded as a surface phenomenon where organic
and inorganic compounds adhere to an adsorbent’s surface via physical
or/and chemical attractive forces, while photocatalytic degradation in-
volves the use of a catalyst (often a semiconductor) to accelerate the
chemical transformation of pollutants via ultraviolet or visible light
radiation (Li et al., 2021a, 2021b; Bayode et al., 2021a). The concept of
green chemistry includes a reduction in waste generation/secondary
pollutants, safer chemical syntheses, development of less hazardous
products/chemicals, development of regenerable/renewable materials,
ensuring degradability of products/materials after use to prevent
pollution, etc. (Anastas and Eghbali, 2010; Wang et al., 2022a). It also
involves the conversion of waste such as volcanic ashes and sludge-
based materials into value-added materials like adsorbents for the
removal of pollutants from the environment (Mu’azu et al., 2022; Liadi
etal., 2021). Adopting a green synthesis approach in the development of
adsorbents and photocatalysts could break the vicious cycle of replacing
hazardous substances with an equally toxic and bioaccumulative com-
pound. The decision to explore carbon-based materials for water treat-
ment was driven by the concept of sustainable chemistry, and the need
to address waste management challenges; and the conversion of “waste
to wealth” is a cost-effective path to proper waste management (Malik
etal., 2015; Vishnu et al., 2021). Therefore, green chemistry techniques
can be employed as a viable and eco-friendly alternative for water
purification.

This comprehensive review provides a status report on adsorbents
and photocatalysts as combatants of chemical pollutants worldwide,
discussing various synthetic approaches, applications, merits, limita-
tions, and drawing comparisons between both core techniques of envi-
ronmental remediation. The aquatic environment is interconnected
globally, thus water treatment challenges in developing countries and
prospects were discussed. The literature scope of this review is based on
SCOPUS and Web of Science published articles and books, while the
search keywords are adsorbents, photocatalyst, emerging chemical
pollutants (ECP), persistent organic pollutants (POP), photocatalytic
degradation, adsorption and remediation.

2. Chemical pollutants as the “enemy”

There is a massive surge in the amount of industrial chemicals pro-
duced within the last century, between 1 and 400 million tons in the
year 2000 (UNEP, 2019). Furthermore, the manufacturing capacity of
industries globally improved from 1.2 billion tons to 2.3 billion tons
between the years 2000 and 2017 (Sanganyado, 2021). However, this
staggering increase in production capacity, which is currently experi-
enced in the fourth industrial revolution as a result of advancement in
science, has also resulted in emerging worrisome realities. The World
Health Organization (WHO) reported that chemical pollution resulted in
1.6 million deaths in 2018 worldwide (Das and Horton, 2018; Naidu
et al., 2021).

Pharmaceuticals and personal care products such as antiretroviral
drugs, antidepressants, anti-cancer drugs, antibiotics, etc., are detected
in municipal, hospital and industrial wastewater effluent (Adeola et al.,
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2022b; Adeola and Forbes, 2022; Battell et al., 2022). They are toxic to
the environment and human health even at low concentrations and are a
result of discharge from urban and farm wastewater, as well as partially
treated water from pharmaceutical industries (Ihsanullah et al., 2022).
On the other hand, pesticides and veterinary drugs are frequently
detected in agriculture runoff and urban stormwater (Casado et al.,
2019). Landfill leachate and industrial wastewater often convey indis-
criminately released chemicals such as flame retardants, dyes, surfac-
tants, and toxic heavy metals (Gwenzi and Chaukura, 2018; Ibigbami
et al., 2022). Chemical pollutants are ubiquitous in aquatic systems due
to various anthropogenic applications and the interconnected nature of
various aquatic systems (Table 1). Over 5000 drugs are in use currently
and as many as 631 have been detected in freshwater aquatic systems in
various parts of the world (Aus der Beek et al., 2016).

The presence of different antimicrobial and antiviral drugs has been
reported in several African and European aquatic systems (Funke et al.,
20165 Kairigo et al., 2020). Sixty-eight chemical pollutants, including
antimicrobial agents and pesticides, that have never been detected in
Kenyan water bodies were reported in a recent study (Kandie et al.,
2020). In Eastern Nigeria, toxic organic compounds with high-risk
quotients such as bisphenol A, erythromycin, chloramphenicol, triclo-
san, and triclocarban were found in rivers used as water sources by rural
dwellers (Inam et al., 2015). In African and Latin American countries,
the inability to report the presence of many persistent and emerging
chemical pollutants (POPs & ECPs) may be due to the lack of advanced
analytical instruments, such as chromatographic and mass spectrometry
equipment, suitable for the analysis of trace contaminants in multi-
contaminated environmental matrices (Sanganyado, 2021; Adeola
et al., 2022a, 2022b; Aravind Kumar et al., 2022).

Several factors influence the fate, distribution and ecotoxicology of
chemical pollutants in aquatic systems. However, factors such as
discharge mechanism and the physicochemical property of the chemical
pollutant seem to play a dominant role. Aquatic pollution could result
from a point-source, where contaminants originate from a single
discharge point, while nonpoint source contamination is also possible,
where pollutants enter the environment through diffuse sources, such as
runoffs, atmospheric deposition, rainfall, leachates, eroded dump sites,
vehicular emission, etc. (Sanganyado, 2021). While point source pollu-
tion can be easily regulated and remediated via proper waste manage-
ment strategies, it is more tedious to manage nonpoint source pollution
(Malkoske et al., 2016). The number of chemical industries is expected
to double by 2030 in comparison to 2017 (UNEP, 2019). Hence, there is
a need for public sensitization on the ecological and health risks of
synthetic chemicals, and the need for advancement in waste manage-
ment and pollution mitigation.

3. Green synthesis of carbon-based adsorbents

The adoption of eco-friendly synthetic routes has been a burning
topic in material development for environmental applications, essen-
tially to avoid the generation of harmful secondary pollutants, the cost
associated with the management of toxic chemicals/wastes and existing
shortcomings in waste management (Abdel-Shafy and Mansour, 2018;
Hao et al., 2021). Synthetic methods that reduce the exploitation of non-
renewable resources and conversion of waste material to useful adsor-
bents can be regarded as a greener approach (Taha et al., 2020). Pre-
mised on these principles, carbon-based adsorbents, as presented in
Fig. 1, are advantageous as they are often retrievable, regenerable,
reusable, and eco-friendly (Mudhoo et al., 2019: Ahmed et al., 2020;
Gopinath et al., 2020). Therefore, this section provides an overview of
the green synthetic methods employed for the preparation of the widely
utilized carbon-based adsorbents, more so, these methods and materials
have also found global scientific applications.
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Table 1

Description, sources and environmental implications of organic chemical pollutants detected in aquatic systems.
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Organic pollutants

Description

Environmental implication

Core source(s)

References

Disinfection by-
products

Dyes

Food and
industrial
additives

Hydrocarbons

Personal care
products

Pesticides and
herbicides

Pharmaceuticals

Steroid hormones

Transformation/degradation products generated
during wastewater treatment using chlorination,
ozonation, or chloramination among other disinfection
treatments.

Organic compounds that impart colors and are used in
food, textile, paints, cosmetics, prints etc.

Organic compounds such as sweeteners, antioxidants,
etc.

Polycyclic aromatic hydrocarbons are released by the
combustion of fuel and crude oil spills. They are
hydrophobic and thus bioaccumulate in sediments and
contaminate water bodies.

Beauty care products used daily such as cosmetics, hair
shampoo, toothpaste, etc. They do not undergo
metabolic changes and are released easily into water
systems

Compounds used for pests and weeds in agriculture,
horticulture, etc. They enter the aquatic systems via
rainfall, erosion, and runoffs

They include therapeutic agents such as antibiotics,
analgesics, antidepressants, and anti-diabetics, among
others. They undergo incomplete metabolism and
constitute sewage waste. Partially eliminated from
water treatment.

They include cortisol, estrogens, 11-deoxycortisol,
aldosterone, corticosterone, and 11-deoxycorticoster-
one, progesterone. Steroid hormones, both natural and
synthetic, including transformation products, have
been detected in aquatic systems.

Many disinfection byproducts are mutagenic,
cytotoxic, genotoxic, carcinogenic, or
teratogenic.

Destroys the aesthetic quality of water,
increases biochemical and chemical oxygen
demand, inhibits photosynthesis and causes
mutagenicity and carcinogenicity.
Sweeteners pose less risk at environmentally
relevant concentrations. However, the
antioxidant may lead to oxidative stress and
cytotoxicity

Mutagenicity and carcinogenicity.

Pose chronic toxicity to aquatic organisms.
Death of aquatic species, acute toxicity is rare
but dangerous upon long-term exposures.

Causes cancer, childhood leukemia,
Parkinson’s disease and is toxic to worms

Acute and chronic toxicity to aquatic
organisms. Emergence and transmission of
drug-bacteria

CNS toxicity, endocrine disruptions,
reproductive toxicity.

Domestic wastewater

Industrial effluents i.e.,
textile and paint

Domestic wastewater

Industrial, biogenic,
and petrogenic
combustion

Domestic and
municipal wastewater;
landfill leachates

Agricultural and urban
runoff

Domestic wastewater;
hospital and veterinary
effluent; aquaculture

Domestic, hospital and
municipal wastewater

(Egwari et al., 2020)

(Lellis et al., 2019)

(Seferidi et al.,
2020)

(Honda and Suzuki,
2020; Adeola and
Forbes, 2019, 2020)

(Bashir et al., 2021)

(El-Nahhal and EI-
Nahhal, 2021)

(Patel et al., 2019;
Adeola and Forbes,
2022)

(Ojoghoro et al.,
2021)

Activated
carbon

Fig. 1. Carbon-based adsorbents developed for water treatment applications. Adapted with slight modification and permission from (Sabzehmeidani et al., 2021).
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3.1. Activated carbon and biochar

Activated carbon, biosorbents, and biochars are generated from
carbon-rich materials, which include agricultural wastes/biomass,
wood, carbohydrates/starch, sludge, etc. (Fig. 2) (Abatan et al., 2019;
Qiu et al., 2021). While biochar is synthesized via facile protocols
involving raw material preparation, size reduction/pelletizing/crush-
ing, and carbonization; the activation process of biochar result in the
formation of activated carbon (Jjagwe et al., 2021). The carbonization of
wet raw materials using an energy-efficient technique (180-250 °C)
called hydrothermal carbonization, produces a type of biochar called
hydrochar. The surface functionalities (such as oxygen and hydrogen-
containing acidic groups) of the raw material remain fairly unchanged
in hydrochars, and this enhances adsorption performance against polar
and ionic pollutants in water (Sabzehmeidani et al., 2021). Char is also
produced as a by-product through a thermochemical process known as
gasification. It involves the conversion of substances like biomass into
syngas, tar and char in the presence of a gasifying agent (Benedetti et al.,
2018). Research into its use as an adsorbent is still in the developmental
phase but reports show that it holds great potential in wastewater
treatment (Jung et al., 2019; Liang et al., 2021a). Similarly, microwave
irradiation is another way of preparing porous carbon materials because
it is known to be a fast, energy-saving method that excludes interaction
with the substance (Baytar et al., 2018). Activated carbon produced
using this method has various advantages which include its shorter
production time, quicker cooling, superior surface area and pore size
and overall quality (Kumar et al., 2020a). Biochar formed at low heating
temperatures of 200-300 °C through the torrefaction treatment process
has continued to generate interest for their adsorption performance
(Liang et al., 2021a; Hu et al., 2022). The biochar produced from this
process under atmospheric pressure is said to have high oxygen-rich
functioning groups which aid efficient adsorption of heavy metals ions
(Shen et al., 2021).

Carbon can be activated thermally or chemically to produce acti-
vated carbon. The concept of activation is to develop a porous carbo-
naceous material with a high surface area and this can be by gasification
with the aid of oxidizing gas (CO; or steam) at a temperature between
800 and 1000 °C (thermal/physical activation), or chemically via the
acid treatment with the aid of sulfuric or phosphoric acid at a temper-
ature of 500 °C (Tounsadi et al., 2016; Rahman et al., 2019). The nature
of raw material, pollutant of interest and certain physicochemical
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properties such as specific surface area (SSA), pore size, volume and
distribution, and the presence of surface functional moieties, generally
influences the method adopted for the synthesis of activated carbon and
biochars (Menya et al., 2020).

Recently, an interesting porous carbon-based material called “Cafe”
was prepared from coffee residues (Chen et al., 2022). The coffee resi-
dues were dried, carbonized in a tube furnace at 673 K, amended with
1:1 KOH and heated further at 1073 K under a constant stream of N> gas.
The resultant Cafe was acidified, washed and dried in an oven. A com-
posite was also generated from Café via plasma-induced grafting with O-
phosphorylethanolamine (O-PEA) to form Cafe/O-PEA, which was used
for pollutant removal (Chen et al., 2022).

Although, the synthesis of biochar and activated carbon does not
require extensive use of chemicals, carrying out the carbonization pro-
cess can result in the release of gaseous toxicants such as PAHs (Pathak
et al., 2022). Therefore, a greener approach to carbonization has been
developed which involved closed systems such as chemical vapor
deposition (CVD) instruments (Mugadza et al., 2019). Waste valoriza-
tion towards generating useful materials, without extensive use of
chemicals, supports sustainable chemistry and presents a greener
approach to waste management globally.

3.2. Graphene and carbon nanotubes (CNT)

Graphene and carbon nanotubes have been identified to have
interesting physicochemical properties, which are responsible for their
various applications in biomedicine, polymer composites, biosensors
and as adsorbents (Lee et al., 2019). In recent years, there have been
various reports discussing the synthesis and properties of graphene
(Coros et al., 2019; Lin et al., 2019). They have a large surface area, high
porosity and functional groups to aid their application in wastewater
treatment (Hiew et al., 2018). Graphene can be prepared via a top-down
or bottom-up approach. The top-down approach involves the delami-
nation of graphite or graphitic compounds, while the bottom-up
approach involves the growth/assemblage of graphene from gaseous
hydrocarbon or smaller units (Mbayachi et al., 2021). Most top-down
methods involve reduction and exfoliation processes, while bottom-up
schemes include pyrolysis, chemical vapor deposition and epitaxial
growth (Schoonraad et al., 2020; Baig et al., 2021).

The reduction process involves the use of hydrazine monohydrate,
hydroquinone and sodium borohydride, which are hazardous to humans

f N\ 4
Biosorbents

Precursors

Precursors
= P ¥l

—

Egg shells

Plant Leaves

Tree bark Fish scales

Preparation

Sugarcane bajasse

Drying — Grinding —
» Sieving

Washing — Drying

\. /L

Activated carbon

Rice husk
Synthesis

Drying — Grindisg — Rinsing — Activation —
Carbonisation — Washing — Drying — Seiving

Biochar

Precursors

Rubber seed shells Soybean hulls

Pistachio shells

Synthesis

Waste tyres
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Fig. 2. Precursors for the preparation of biosorbents, activated carbons and biochars. Adapted with slight modification and permission from (Iwuozor et al., 2021).
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and the environment. They present inhalation risks and corrosive ten-
dencies. Therefore, an exodus towards more cost-effective, less haz-
ardous, and environmentally friendly plant-based solutions is being
investigated (Olorunkosebi et al., 2021). Several plants such as Neem
(Azadirachta indica), pumpkin (Telfairia occidentalis), Rooibos (Aspala-
thus linearis), sunflower (Helianthus annuus L.), sorghum (Sorghum bicolor
L.), Hibiscus flower (Hibiscus subdariffa) etc., have been reported by
African researchers to contain reducing agents such as flavonoid, tannin,
alkaloid, amino acid, and vitamin C, suitable for the synthesis of gra-
phene and composites (Fig. 3) (Khenfouch et al., 2016; Ismail et al.,
2017). Carbon nanomaterials, especially carbon nanotubes have
garnered wide environmental attention due to their peculiar charac-
teristics of high surface area, non-corrosive property, high stability and
surface chemistry (Xu et al.,, 2018). They are synthesized through
various methods which include arc evaporation methods, electrolysis,
flame synthesis, laser ablation and chemical vapor deposition (Mash-
koor et al., 2020). They derive most of their properties from graphene as
they have a structure similar to graphene sheets rolled into a tube (Gupta
et al., 2019).

4. Synthesis of various photocatalysts

There is a significant number of techniques available for the syn-
thesis of photocatalyst, and they include solvothermal, hydrothermal,
microwave, one-pot synthesis, chemical vapor deposition, etc. The
methods play a key role in the physical properties, i.e., physical prop-
erties (shape, size) and photochemical properties of the photocatalyst.

Ice bath with sulfuric acid -
| Exfoliated graphite
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4.1. Sol-gel method

The sol-gel method is a wet-chemical technique; it is the most widely
used method for the synthesis of semiconductor photocatalyst. The
method is beneficial for tuning metal oxide to fit specific/particular
applications because many operational variables like pH, temperature,
time of reaction, the concentration of reagents, nature of the catalyst,
and amount of water added can be regulated (Medina-Ramirez et al.,
2015a, 2015b). This process involves several steps, as shown in Fig. 4.
the formation of sol from homogeneously mixed solution converting the
solution into a gel by poly-condensation process and heating of the
product to get a different desired final product (Levy and Zayat, 2015;
Thiagarajan et al., 2017). The final products like crystalline and non-
crystalline materials (nanoparticles, ceramics, aerosols, xerosols) are
dependent on the final heat treatment step. The precursor sol can be
deposited on a substrate by spin coating technique. The gel formed after
condensation processes is used to develop materials like nanoparticles,
ceramics, aerogels, and xerogels when further treatment steps occur
(Jamjoum et al., 2021). Nanoparticles and xerogels can be obtained by
evaporation of the solvent. The obtained xerogels can be treated with
heat to form ceramic, and their greasy nature can be induced by melting
techniques (Medina-Ramirez et al., 2015a, 2015b; Thiagarajan et al.,
2017).

Some of the many advantages of the sol-gel method are the method is
cheap, dopants can be incorporated into the solution at some stage of the
process, and it allows the fine control of the final product’s chemical
composition (Fornasiero and Cargnello, 2017; Yilmaz and Soylak,
2020). Gombac and his co-workers described co-doping of TiOy with
boron and nitrogen by the sol-gel method to obtain B-N-TiO, which has
been used for the degradation of methyl orange (MO), an anionic dye.

Plant extract

Centrifugation

Precipitate

Precipitation Reaction

D f—o— CGB-rGO2
f~+— CR-rGO2
f~+—FLGO2
—+—FLGO1
PM-rGO1
+— CCC-rGO1

rGo

2000 o

Intensity (a.u.)

83

R AR

b T T T T
1000 2500 2800 : 3000 3200
Raman shift [1/em]

Fig. 3. Green synthesis of exfoliated graphene oxide (GO) and reduced graphene oxide (rGO) from graphite flake and aqueous extracts from indigenous plants in
Madagascar; Phyllarthron madagascariense, Cinnamomum camphora cineoliferum, Catharanthus roseus and Cedrelopsis grevei as reducing agents. Adapted from
(Andrianiaina et al., 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The result indicated that the B and N doping enhanced the performance
towards MO degradation with the K; = 1.24 x 1072 and K, = 3.03 x
102 min almost two times the value of K; (Gombac et al., 2007). Bui
and his co-workers synthesized MgAC-Fe;O3/TiO; hybrid nano-
composite via sol-gel for the removal of methylene blue and phenol in
water, using different ratios of the precursor MgAC-Fe2O3 and TiOz. The
MgAC-Fe03(005 g)/TiOy showed the best photocatalytic and Photo-
Fenton activities, leading to the removal of 95% MB (Photo-Fenton re-
action) and 80% phenol (Photocatalytic reaction) after 20 and 80 min
respectively (Bui et al., 2019).

Coupled/heterojunction semiconductor oxides have been reported
severally over the years to be prepared by sol-gel method ZnO/GO p-n
heterojunction (Bayode et al., 2020), Feo03/GO (Bayode et al., 2021a),
Zn0O/CuO (Gajendiran and Rajendran, 2014), NbyOs5/TiO (Arbuj et al.,
2013a), Tag0s5/TiO4 (Arbuj et al., 2013b), SnO4/TiOy (Nur et al., 2007).
For the synthesis, precursors of the metal oxides were hydrolyzed
together under stirring, allowing the formation of the coupled oxides.
The surface area of the synthesized coupled metal oxide using the sol-gel
method enhances the surface area of the product, which improves the
photocatalytic activities of the metal oxide (Medina-Ramirez et al.,
2015a, 2015b).

4.2. Hydrothermal method

This method is one of the most popular used for the synthesis of
nanomaterials (Medina-Ramirez et al., 2015a, 2015b; Gan et al., 2020).
It refers to heterogeneous reactions under high pressure and tempera-
ture conditions in the presence of solvents, making it a solution reaction-
based approach. The formation of the nanomaterials can occur at any
temperature ranging from a very high temperature to room temperature.
This method is usually conducted in a closed reaction chamber called an
autoclave with or without the Teflon lining (Lee et al., 2012). Fig. 5
shows a schematic representation of the general steps of the hydro-
thermal process. The autoclave creates a high temperature and pressure
reaction environment by heating and pressuring the reaction system
(Yang and Park, 2019; Gan et al., 2020). TiO2 nanorods have been
synthesized with the hydrothermal method (Muduli et al., 2011). This
method has been employed over the years for the synthesis of simple
oxides (Yang and Park, 2019), such as CuO (Outokesh et al., 2011;
Prathap et al., 2012), ZnO (Liu and Zeng, 2003; Gerbreders et al., 2020),

IIvdrolvsns

Precursor

Sol solutlon
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MnO- (Subramanian et al., 2005; Chu et al., 2017), TiOy (Gao et al.,
2015), etc.

Abdelraheem et al. (2019) synthesized Nitrogen and boron co-doped
TiO2 nanoparticles to degrade Bisphenol A using the Hydrothermal
method and a similar structure of one-dimensional TiO,-Bio,WOg hollow
superstructures was synthesized to degrade rhodamine blue (RhB); it
showed high photocatalytic activity over different cycles (Hou et al.,
2014; Abdelraheem et al., 2019). Perera et al. carried out the hydro-
thermal synthesis of graphene-TiO2 nanotube composite (Perera et al.,
2012).

4.3. Sonochemical method

This method utilizes the sonochemistry principle, making molecules
undergo chemical reactions upon applying ultrasonic radiation ranging
from 20 kHz to 10 MHz (Ramirez-Corredores, 2017; Ghaedi, 2021). It is
now well recognized as a technique for the fabrication of nanomaterials
(Gedanken and Perelshtein, 2015; Ghaedi, 2021). The chemical and
physical effect of the ultrasound stems from a physical phenomenon
known as acoustic cavitation (Xu et al., 2013). This phenomenon leads
to the formation, growth, and implosive collapse of the bubbles formed

Solution preparation/Agei

Transfer of the aged
the autoclav

Washing and filtering

Final product

Fig. 5. Schematic representation of the general steps of the hydrother-

mal process.

Condensation

Gel formatlon

Evaporation

Xerogel -

Desired product

Sintering

Aerogel

&

Fig. 4. Schematic representation of the process involved in the synthesis of photocatalyst via sol-gel method. Adapted from (Medina-Ramirez et al., 2015a, 2015b).
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Fig. 8. Charge transfer mechanism in ZnO-CuxO heterostructure. Adapted with
permission from (Nandi and Das, 2020).

in liquid; the collapse leads to intense local heat of approximately 500 k
(Xu et al., 2013; Vabbina et al., 2014; Gedanken and Perelshtein, 2015).
This process is considered to be environmentally benign and
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economical; the shape and size of nanomaterials can be controlled using
this method (Abbas et al., 2014; Ali Dheyab et al., 2021).

The sonochemical method has been employed to synthesize nano-
metals, carbides, oxides, semiconductors, carbons, metallic alloys, etc.
(Xu et al., 2013; Medina-Ramirez et al., 2015a, 2015b). One of the main
mechanisms behind the sonochemical methods is the generation rate of
°OH, as confirmed by Weissler (1959), through detecting the recombi-
nation of HyO5 (Weissler, 1950, 1959; Hodnett, 2015). The combination
of the free radicals (H and OH) produced during the sonochemical
process combines with the strong oxidants Hy and H20; to facilitate the
sonochemical process and remove the need to degrade the toxic
reducing and oxidizing agents used.

The synthesis of CdO nanorods and Cd(OH),/Ag core/Satellite
nanorods using the sonochemical method has been reported to be
straightforward, cost-effective, and eco-friendly (Abbas et al., 2014).
The Cd(OH);/Ag core/satellite nanorods were formed under Thirty
minutes of ultrasonication CdO nanorods in the presence of the Ag
precursor, which led to phase transformation from the cubic structure of
CdoO to the monoclinic crystalline structure of Cd(OH),, with Ag nanodot
deposited on the surface (Abbas et al., 2014). Other conventional
methods like the hydrothermal method and chemical precipitation have
been used successfully have been used for the synthesis of NayTigO13; for
the first time, it was synthesized in a novel way using the sonochemical
method (Fagundes et al., 2019). Bhatte and his co-worker synthesized
nano-sized zinc oxide by sonochemical method. The process involves
using a precursor (Zinc acetate) and a solvent 1,3,- propanediol acting as
the base, stabilizer, promoter, and template for the nano-sized ZnO
synthesis (Bhatte et al., 2012).

4.4. Chemical vapor deposition method (CVD)

The chemical vapor deposition method is one of the extensively used
material technology (Sun et al., 2021). It involves the formation of thin
film on the surface of a substrate by chemical reactions using gaseous
compounds and substances containing film elements (Schoonraad et al.,
2020; Xia, 2021). CVD requires volatile molecular precursors as the
source for film growth. The precursor molecules are further transported
in a carrier gas stream, which may be chemically inert or reactive. They
are converted by chemical reactions in the gas phase near the surface to
form intermediates reactants and by-products that are gaseous or
directly diffuse to the substrate through the boundary layer. The reac-
tion at the gas-solid interface leads to the formation of a thin solid film of
the desired material. In CVD processes, heated carrier gases drive the
deposition reaction (de Macias, 2005; Medina-Ramirez et al., 2015a,
2015b; Schoonraad et al., 2020; Sun et al., 2021).

The synthesis of nitrogen-doped carbon nanotubes has been reported
using ferrocene and aniline mixtures (Nxumalo et al., 2008). The CVD
method has been considered to grow graphene, Carbon nanotubes, and
carbon nanofibre (Shah and Tali, 2016; Ghaemi et al., 2019). Different
researchers over the years have reported the synthesis of graphene using
the CVD methods (Xu et al., 2017; Hsu et al., 2018; Moreno-Barcenas
et al., 2018; Yin et al., 2018). It has also been reported for the synthesis
of carbon nano-horns (Sabarish Kumar et al., 2021) and carbon nano-
walls. Wu et al. (2002) synthesized carbon nanowall in a PECVD envi-
ronment, and it was reported as a surface-bound material (Wu et al.,
2002).

4.5. Microwave method

The microwave method has attracted attention as an efficient
method for the synthesis of photocatalyst (Pan et al., 2013). The elec-
tromagnetic radiation frequency of microwave ranges from 0.3 to 300
GHz corresponding to a wavelength range of 1 mm to 1 m. This method
has a lot of advantages such as less energy is required for synthesis,
increased yield, cost-efficient and it gives an edge over the sol-gel and
solvothermal method (Kitchen et al., 2014). In the microwave method,
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chemical reactions depend on the ability of the mixture to absorb mi-
crowave energy efficiently, The component of the mixture might either
disrupt or interact with the electromagnetic field (Velempini et al.,
2021).

Liu et al. (2020) synthesized g-C3N4 nano-ribbon assembled
seaweed-like architecture which was reported to have a high surface
area (Liu et al., 2020). Microwave synthesis of Ag,S nanoparticles was
reported by Al-Shehri et al. (2020) and the XRD characterization con-
firms the formation of monoclinic AgsS of space group P21/n and also
indicates the crystalline nature of the photocatalyst (Al-Shehri et al.,
2020). The major disadvantage of the microwave method is that the
metal oxide solely depends on the precursor.

5. Water treatment application of adsorbents and photocatalysts
5.1. Mitigation of POPs and ECPs using adsorbents

Persistent organic pollutants (POPs) are hazardous compounds that
are recalcitrant to various forms of degradation and thereby remain in
the environment for a long period (Aravind Kumar et al., 2022). Dyes
and pesticides are widely studied due to their occurrence in water bodies
via several pathways which include textile wastewater and sewage
effluent discharge, rainfall/irrigation induced leaching and erosion from
agricultural farms, etc. (Akhtar et al., 2021). They are regarded as

carcinogenic and are associated with acute and chronic toxicities upon
exposure in humans, terrestrial animals and aquatic fauna (Srivatsav
et al., 2020; Khalid et al., 2017). Emerging chemical pollutants (ECPs)
are compounds that are not routinely monitored (parent compounds,
their metabolites and transformation products) and may pose health
threats to the environment (Adeola et al., 2022b). ECPs include phar-
maceuticals and personal care products (PCPP), illicit drugs, gasoline
additives, siloxanes, surfactants, steroids and hormones, flame re-
tardants, endocrine-disrupting compounds, perfluorinated compounds,
artificial sweeteners, industrial additives (Archer et al., 2017; Patel
et al., 2019).

The utilization of adsorbents for the treatment of wastewater and
potable water has attracted significant attention for several decades.
Mitigation of existing shortcomings such as the difficulty of regenera-
tion, low efficiencies, sludge generation, difficulty in adsorbent recov-
ery, etc., are being addressed with smart solutions, such as advances in
composite material designs. Different materials with different textures,
structures and physiochemical are combined to produce composites
using suitable and eco-friendly synthetic routes and the resultant com-
posites possess attributes of their constituents. Table 2 revealed that
several agricultural wastes, plant materials and specialized 2D carbon-
based materials such as carbon nanotubes and graphene have been
utilized as adsorbents for the removal of these selected POPs and ECPs.
However, as shown in Table 2, activated carbon has the highest
adsorption capacity for most target pollutants with regard to the studies
presented. These can be attributed to the large surface area and abun-
dant binding sites (pores and cavities) for the removal of a wide range of
organic pollutants (Abdel-Ghani et al., 2015).

The factors influencing the efficiency of the adsorbents for removal
of dyes (cationic/anionic), polycyclic aromatic hydrocarbons (PAHs),
pharmaceuticals and pesticides/herbicides include contact time, adsor-
bent dosage, pH, initial concentration, temperature and molecular
properties of the target compound (Ololade et al., 2018; Ore and Adeola,
2021; Adeola and Forbes, 2021; Pathak et al., 2022). Although, bio-
sorbent and activated carbon are regarded as less selective adsorbents
because the pore distribution or surface morphology can barely be
controlled or tuned, unlike more specialized materials such as graphene,
carbon nanotubes, and other 2D materials. However, biosorbent re-
mains a suitable alternative adsorbent as they show great potential in
eliminating persistent and emerging organic pollutants in polluted
water, and are readily available, cheap and regenerable (Mugadza et al.,
2019; Vishnu et al., 2021). Furthermore, the separation and recovery of
adsorbents for possible regeneration and reuse is an integral part of
sustainability and cost reduction, which is still a challenge, in addition
to the tuning of the physicochemical properties of the fabricated carbon
for water treatment applications. However, the recovery of spent
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adsorbent can be achieved by incorporating magnetic properties in the
fabrication of the adsorbent, which facilitates easy separation of
external magnetic field (Ahamad et al., 2019).

In summary, it can be observed that there is wide variation between
adsorption capacity for different materials used for various contami-
nants, which can be attributed to variation in the physicochemical
properties of both sorbents and sorbates. However, there is some degree
of consistency in the dominant mechanism of interaction, as pseudo-
second-order kinetic models best described the adsorption kinetics,
and most contaminants were either adsorbed via monolayer adsorption

(Langmuir) or multilayer adsorption mechanism (Freundlich model).
5.2. Mitigation of organic chemical pollutants using photocatalysts

Organic chemical pollutants are currently a menace in the environ-
ment and water bodies due to globalization and industrialization (Bay-
ode et al., 2021a). These pollutants are dangerous to aquatic lives and
human health because they are carcinogenic, teratogenic, and muta-
genic, calling for their removal from water bodies (Meng et al., 2016;
Zhu and Zhou, 2019). Several methods have been explored, and pho-
tocatalysis has proven to be one of the best methods for the degradation
of these organic pollutants (Qiu et al., 2021). This is due to their
simplicity, high efficiency rate, destruction of toxic organic compounds
without transferring the pollution from one phase to another, repro-
ducibility, environmentally benign, and easy handling (Soltani et al.,
2014; Sudhaik et al., 2018; Hao et al., 2021; Bayode et al., 2021a). The
backbone of the photocatalysis technique is the photocatalyst which
drives the operation.

5.2.1. Photocatalytic degradation process and mode of action (mechanism)

The photocatalysis technique is based on the reaction between
organic pollutants and powerful oxidizing and reducing agents (h* and
e”) generated by the light irradiation (UV or visible) on the surface of
photocatalysts (Hasija et al., 2019, 2021; Qiu et al., 2021). The photo-
catalytic processes mainly use semiconductors catalysts such as (CuO,
Sn0y, TiOy, Fex0s3, Fe304, WO4, ZnO) under light exposure (UV, visible
or solar light) to degrade the organic and inorganic contaminants
(Kuriakose et al., 2015; Mohamed et al., 2019).

Upon light irradiation, the photocatalyst becomes activated, forming
electron/hole pairs (e /h") by migrating photogenerated electrons from
the valence band to the conduction band (Raizada et al., 2017; Sharma
et al., 2019; Zhu and Zhou, 2019; Sharma et al., 2021b; Raizada et al.,
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2017). The electron-hole pair generated after the initial excitation of the
electron imitate reduction at the surface of the photocatalyst by the
photogenerated electron (e”) and oxidation at the surface of the pho-
tocatalyst by the photogenerated hole (h™) and the generation of heat by
recombination of the electron-hole pairs at the surface of the photo-
catalyst. Reactive oxygen species like hydroxyl (‘OH) and superoxide
(0y) radicals are formed when the donor molecule is oxidized by the
photogenerated holes present in the valence band (VB) and react with
the water molecules to produce hydroxyl radical (OH) while the reac-
tion between electrons from the conduction band and the dissolved
oxygen specie form superoxide ion.

The electron induces redox reactions. The hy}, and eg, are powerful
oxidizing and reducing agents, respectively. The photogenerated holes
in the valence band react with organic compounds, which results in their
oxidation and mineralization with CO, and water as the end product.
The hyp can also react with water to generate hydroxyl radicals to
oxidize organic chemical pollutants. A general summary of possible re-
actions occurring during photocatalysis are presented below in Egs. (1)
to (12) and Fig. 6:

Excitation : Photocatalyst + hv—e cg +h"yp (@)
Recombination : h* + e~ —energy 2
Oxidation : h* + H,0— "OH+H" 3
h* +OH ~"OH C))
h* + organic pollutant—pollutant™ (5)
Reduction of adsorbed O, : e~ +0,—=°0," (6)

The action of oxygen avoiding electron recombination and enabling
the formation of peroxide (03-) free radicals is shown in Eq. (6). Those
radicals can again undergo protonation to form hydroperoxide radicals
(HOY) and, finally, hydrogen peroxide a very strong oxidizing agent,

Reaction with H" : "0,~ + H™""O0OH ()]
"O0OH-0,, H,0, (8)
H,0,+°0,”- OH+OH™ +0, 9
H,0, + hv—2 OH 10

10

Organic contaminant + °OH— Intermediates an

Intermediates—CO, + H,O 12)
5.2.2. Various applications of photocatalyst in water treatment.

Different strategies/techniques of water treatment with photo-
catalyst have been explored over the last decade. Photocatalyst can
degrade various organic chemical pollutants with another mechanism.
Water contains a wide range of organic chemical contaminants, as
shown in Fig. 7. These organic contaminants differ from one another,
and some are present at trace levels.

5.2.2.1. Dyes. A wide range of commercially available dyes is essential
in most industrial processes as coloring agents for different products,
from food, cosmetics, pulp mills, leather, and plastic paint to textile
(Seow and Lim, 2016; Bayode et al., 2020). Most dyes are water-soluble,
not readily biodegradable, and potentially harmful to the ecosystem,
such as congo red (CR), rhodamine B (RhB), methyl orange (MO) and
methylene blue (MB), victoria blue, rose bengal, alizarine green,
carmine, red 120, eriochrome, malachite green, etc.

Over the years, different photocatalysts have been explored to
degrade dyes in water (Li et al., 2021a, 2021b). Prakash et al. (2016)
explored the photocatalytic activity of SnOy photocatalyst to degrade
MB under UV irradiation. It was reported that complete degradation of
MB in solution occurred within 50 min and the hydroxyl radical was
confirmed to be driving the degradation reaction. The catalyst was
stable after five cycles (Prakash et al., 2016). Bhatia et al. (2017) syn-
thesized sn-doped ZnO nano-petal for the degradation of DR-31 dye
under UV- irradiation, and the report showed that 99.9% of the dye was
degraded in 60 min. It was also confirmed that the doping of the ZnO
with Sn influenced the photodegradation of the dye (Bhatia et al., 2017).
Alansi et al. (2018) reported using 50 mg of G-BiOBr nanocomposite
photocatalyst to degrade 100 mL, 10 ppm Rhodamine blue. The result
showed that the pristine BiOBr had 80% degradation, and G-BiOBr had
100% degradation after 60 min. This indicates the doping of the BiOBr
with graphene improved the photocatalytic ability due to its large sur-
face area and ability to delay recombination. It was also reported that
oxidizing radicals such as h*, ‘O, and "OH were formed during the
process, and they are capable of oxidizing the RhB dye to CO, and Hy0O
(Alansi et al., 2018).

In yet another exciting study not using the common dyes like methyl
orange, methylene blue, rhodamine B, etc., this time, erichrome black T
(EBT) dye usually employed as an indicator in the laboratory was
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Table 2
Carbon-based adsorbents developed for the removal of selected POPs and ECPs in aqueous solution.
Adsorbent Pollutant Compound Adsorption Isotherm, Kinetic model and References
capacity (mg/g) adsorption mechanism
Modified magnetic graphene Dye Acid red 524.2 Freundlich model, PSORE (Tang et al., 2018)
oxide
Pine-magnetite composite Dye Methylene blue 920 - (Mtshatsheni et al.,
2019)
Single-walled carbon Dye Acid blue 92 86.91 Langmuir, PSORE (Balarak et al., 2021)
nanotubes (SWCNTs)
Dacryodes edulis Seeds Dye Congo red, Vat yellow 100.15; 74.31 Langmuir-freundlich, PSORE and (Igwegbe et al.,
Activated Carbon Film diffusion 2020)
Bivalve shells of Anadara Dye Methylene blue 1.0 Langmuir, PSORE (Elwakeel et al.,
uropigimelana 2017)
Polyacrylic acid-acrylamide Dye Malachite green 59.5 PSORE, Endothermic (Al-Aidy and
grafted starch hydrogels Amdeha, 2020)
Multi-walled carbon nanotubes Dye Reactive Blue, Red, Yellow 170, 208, 196 Temkin model, PSORE (Danilo Vuono et al.,
2017)
Brewers’ spent grain Dye Congo red, Malachite green 35.5; 2.55 Langmuir, PSORE, exothermic (Chanzu et al., 2019)
Biochar from corn stover Dye Methylene Blue 201.6 Freundlich, PSORE (Li et al., 2019a)
Biochar from Eucalyptus bark Dye Methylene Blue 90.1 Langmuir, PSORE (Dawood et al.,
2016)
Graphene modified Dye Roxarsone 153.59 Sips, PSORE (Liu et al., 2022)
cyclodextrin (GD-TAC) Industrial Methyl orange 445.60
Chemical Bisphenol-A 237.90
Hierarchically porous boron Industrial Bisphenol-A 64 Langmuir (Li et al., 2022)
nitride nanoribbon Chemical
N/S doped highly porous Industrial Bisphenol-A 197.6 Langmuir, PSORE (Ahamad et al.,
magnetic carbon aerogel Chemical 2019)
Flower of the Typha latifolia Pesticide Atrazine, Dimethametryn, 0.13; 0.06, 0.02; Langmuir, PSORE, chemisorption (Tolcha et al., 2020)
Malathion, Chloropyrifos 0.03
graphene oxide-silica coated Pesticide Chlorpyrifos, Parathion, Malathion 25.6; 135; 61.9 Sips, PSORE (Wanjeri et al.,
magnetic nanoparticles 2018)
Silkworm’s activated carbon Pesticide Oxamy!l 625 Freundlich, PSORE (Mohammad and
Ahmed, 2017)
Activated carbons from corn Pesticide Pentachlorophenol 7.14 Freundlich, PSORE, (Abdel-Ghani et al.,
wastes 2015)
Activated carbon from Langsat Pesticide 2,4-Dichlorophenoxyacetic acid 261.2 Langmuir, PSORE (Njoku et al., 2015)
empty fruit bunch
Biochar from groundnut shell pesticide 2,4-Dichlorophenoxyacetic acid 250 Langmuir (Trivedi et al., 2019)
Biochar from acid-treated rice pesticide Atrazine, Imidacloprid 838.1, 858.2 PSORE (Atrazine), Elovich (Mandal et al., 2017)
straw (Imidacloprid)
Graphene oxide pesticides Chlorpyrifos, Malathion 98, 1667 Langmuir, PSORE (Yadav et al., 2019)
Activated carbon from rice PAH Naphthalene; Phenanthrene; 63.6; 50.4 Freundlich (Naph), Redlich-peterson (Yakout et al., 2013)
husks Pyrene 104.5 (Phenan), Langmuir (Pyrene)
Activated carbon (AC) PAH Phenanthrene; Pyrene 12.1 Langmuir (Liu et al., 2016)
AC@Titanate nanotubes 1.3
Graphene wool PAH Phenanthrene; Pyrene 5.0; 20.0 Sips, PSORE Adeola and Forbes,
2019)
Walnut shell-based activated PAH Naphthalene, Phenanthrene 118.2; 149.6 Freundlich, PSORE, film diffusion (Wu et al., 2020)
carbon
Graphene coated materials PAH Phenanthrene 1.74 Freundlich (Yang et al., 2015)
Sugarcane bagasse-derived Antibiotics Sulfamethoxazole 105.6 Sips, Pseudo-first-order (Victor and Selly,
Biochar 2020)
NaOH-activated biochar NSAID Naproxen, Diclofenac, Ibuprofen 269; 97.2; 76.1 PSORE (Shin et al., 2021)
Magnetic activated carbon Psychotropic Carbamazepine 60 Langmuir, PSORE (Pereira et al., 2021)
drugs
Zirconia/porous carbon Psychotropic Carbamazepine 190.2 Langmuir, PSORE (Chen et al., 2020a)
nanocomposites drugs
Activated charcoal Anticonvulsants Diazepam 611 Langmuir (Stefan et al., 2021)
Chitosan/Fe/S-BC Antibiotics Tetracycline 183.01 Freundlich, PSORE (Liu et al., 2019)

NSAID: nonsteroidal anti-inflammatory drugs; PAH: polycyclic aromatic hydrocarbon; PSORE: Pseudo-second order equation.

degraded. Kazeminezhad and his co-workers fabricated ZnO nano-
particles and explored their ability to degrade EBT. The experiment was
carried out in a photoreactor equipped with a 15 W UV lamp. 20 ppm of
EBT interacted with 0.05 g of the ZnO nanoparticles, and it was reported
that 62% of the EBT dye was degraded in 30 mins, hydroxyl radicals’
formation was reported to enhance the photocatalytic degradation rate
of the EBT dye (Kazeminezhad and Sadollahkhani, 2014). ZnS-Ag nano
balls were fabricated by Sivakumar et al. (2014) and were used for the
degradation of MB, ZnS was used singly before doping to degrade the
dye, and the performance was poor, degrading just 20% of MB in 2 h.
After doping with Ag to form ZnS-Ag nanoballs, the degradation of Mb
was nearly 100% in 2 h. This result showed that plasmonic Ag had a
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positive effect on the photoactivity of the ZnS (Sivakumar et al., 2014).

In a more recent study, Gholamian et al. (2021) reported the use of
visible light enhanced n-p heterojunction TiOs/Fe;03/BiOI (20%)
nanocomposite photocatalyst for the degradation of dye pollutants
(Malachite green, Rhodamine blue, fuchsine, and methyl orange). The
result showed that the photocatalyst displayed maximum degradation
efficiency of 100% within 270 min and the "O, radical played a signif-
icant role in the degradation of RhB (Gholamian et al., 2021). LaFeOs-
doped hierarchically mesoporous/mesoporous silica (LFO/MMS) assis-
ted by photo-Fenton initiated by the use of visible light and addition of
H30, was reported by Phan et al. (2019) for the degradation of RhB. It
showed that LFO, MMS, and LFO/MMS removed 88% and 61.9%, and
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96.6% RhB in 90 min. The performance showed that the low degrada-
tion efficiency suggests that MMS could not work as the photo-Fenton
catalyst under visible light. In contrast, the binary combination of
LFO/MMS worked better as a photo-Fenton catalyst under visible light
(Phan et al., 2019).

In a natural life system, simulated wastewater containing 100 ppm of
RhB, MO and MB respectively was degraded using Bi;0,CO3 and
AgoCO3 synthesized photocatalysts after 180 min under visible light
irradiation. It was reported that the mixed dye was not entirely
degraded. Upon the binary combination of the two photocatalysts
AgyC03/Bis0,CO3, the result showed that the dyes in the mixture were
completely degraded, and no new peak was formed in both the UV and
visible region. It was reported that the plausible mechanism of the re-
action after the scavengers test was found to be the formation of su-
peroxide (°Oy), playing a significant role in the photo-oxidation of the
dyes (Li et al., 2016).

ZnO-CuxO heterostructure photocatalyst was fabricated for the
degradation of RhB under visible light. 60 mL of the RhB solution (10
ppm) interacted with 0.05 g of the photocatalyst. The different molar
concentrations of the copper nitrate trihydrate solution used to dope the
ZnO was optimized, and the samples were named NR-O, NR-0.1, NR-
0.25, NR-0.5, NR-0.75, NR-1, the photocatalyst were scanned for the
degradation of the RhB dye. The efficiency was 48.5%, 56.76%, 61.5%,
73.5, 67.3%, and 60% respectively. The result showed that the photo-
catalyst with the best performance was NR-0.5. The degradation kinetic
follows the pseudo-first-order Langmuir-Hinshelwood model. It was
concluded that the superoxide was the main reactive species in the
photocatalytic process initiated by the ZnO-CuxO heterostructure pho-
tocatalyst, while the hole generated hydroxyl radical, which are a
reactive agent for the degradation of dye (Nandi and Das, 2020); Fig. 8,
shows the charge transfer scheme of ZnO-CuxO.

5.2.2.2. Pharmaceuticals. Over the years, the occurrence of pharma-
ceuticals in the environment has received a lot of attention as they are
considered to be bioactive chemicals that are persistent in the envi-
ronment (Rivera-Utrilla et al., 2013; Valdez-Carrillo et al., 2020).
Pharmaceuticals are produced and prescribed to cure or prevent ill-
nesses; they are designed to cause biological effects (Praveena et al.,
2018). They have been classified as “contaminants of emerging concern”
because they are still unregulated and are very potent even at low
concentrations (Valdez-Carrillo et al., 2020; Massima Mouele et al.,
2021; Annamalai et al., 2022). They get into the environment through
the discharge of pharmaceutical industries’ effluent, hospital waste,
human waste, and poultry runoffs (Rivera-Utrilla et al., 2013). Phar-
maceuticals are classified into various groups like steroids, antipyretics,
analgesics, anti-depressant, narcotics, antihistamines, antibiotics, anti-
ulcer, antiretrovirals, barbiturates, etc.

In recent times, different photocatalyst has been synthesized for the
degradation of various types of pharmaceuticals in water. Murgolo et al.
(2018) fabricated a hydroxyapatite-TiO, composite photocatalyst to
degrade diclofenac (DCF). 50 mL of DCF solution interacted with 0.2 g of
the HAPTi, UV lamp was used as the light source. Photolysis (in the
absence of photocatalyst) and photocatalysis experiment was per-
formed, and it was observed that 65% and 96% DCF was degraded
within 60 min. This proved that the photodegradation process was
efficient for the removal of DCF. Murgolo et al. (2018) further went
ahead to analyze the treated water for the intermediate formation, and it
was observed that the treated water obtained from only the photolysis
process had intermediates present in it. An acute toxicity test was also
performed on the treated water using Daphnia Magna, the treated water
from the photolysis process showed 100% inhibition, and that of the
photodegradation showed no inhibition as the DCF molecule has been
degraded. It was also reported that the leading radical formed during the
process is the ‘OH species (Murgolo et al., 2018).

Alfred et al. (2020) synthesized solar active clay TiO2 nanocomposite
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(TZPP5) for the degradation of three pharmaceuticals Ampicillin (AMP),
sulfamethoxazole (SMX), and Arthemether (ART). 10 mg of TZPP5 was
reacted with 50 ppm of each contaminant, it was reported that 100%
degradations of AMP, ART and 65% of SMX were degraded in 60 min.
Alfred et al. (2020) also reported the prominent radicals utilized for the
efficient degradation of the contaminants were the 'O, and the 'OH
formed in the photocatalytic process. The photocatalyst was said to be
stable after five degradation cycles and efficient for treating real-life
waste samples (Alfred et al., 2020).

In a more recent study, Alfred et al. (2021) synthesized CU/
Fe@ZnWOgy-kaolinite for the degradation of acetaminophen (ACT),
ampicillin (AMP), and sulfamethoxazole (SMX). The photocatalyst was
screened singly (Cu-@ZnWO4-K, Fe@ZnWO4-K) and in the binary sys-
tem (C.U./Fe@ZnWO4-K) for the degradation of the contaminants. It
was observed that the degradation followed the following sequence Cu-
@ZnWO4-K > FeZnWO4-K > Cu@FeZnWO4-K. The best photocatalyst
was Cu-@ZnWO04-K with ca. 80%, 100%, and 68% degradation effi-
ciency for the ACT, AMP, and SMX, respectively. The kinetic followed
the Langmuir- Hinshelwood model. The toxicity of the treated water was
tested using two bacteria, E. coli and S.aurerus. It showed that the ACT
and Amp treated water did not inhibit the growth of the bacteria, but
that of SMX did inhibit the bacteria growth because the molecules of the
SMX could not be mineralized significantly (Alfred et al., 2021).

Selected antibiotics (erythromycin (ERY) and tetracycline (TC)) were
degraded with the aid of g-C3N4/CdS photocatalyst in a recent report (Li
et al., 2019b). 50 mL of ERY and TC was reacted with 25 mg of CNCS
photocatalyst, and it was reported that 85% and 69.63% of ERY and TC
were degraded within 60 min. The scavenging test was performed to
ascertain the leading radical playing a crucial role in the degradation
process, and it was reported that "O, played an active role in the
degradation. Li et al. (2019b) also reported that the photocatalyst was
stable after three degradation cycles, and it was proposed that the
effective photocatalytic performance of CNCS could be attributed to the
formation of heterojunction with g-C3N4 to suppress the photo corrosion
of CdS as shown in the scheme below Fig. 9.

Atenolol, a p-blocker used to regulate blood pressure, was degraded
by Bhatia and his co-worker using GO-ZnO composite. The experiment
was carried out in a photoreactor using artificial irradiation, and
different variables were optimized, and the investigation was carried out
under optimum conditions; catalyst dose 25 mg/L, pH 4, and the
degradation efficiency was observed to be 85% after 60 min (Bhatia
et al., 2021).

Non-steroidal anti-inflammatory drugs (NSAIDs), ibuprofen (IBP),
and naproxen (NPX) were degraded by NS-TiO,@PC photocatalyst
synthesized by Eslami et al. (2020). The experiment was carried out in a
reactor, and a xenon lamp was used as the light source. For the optimum
degradation of IBP and NPX, 0.02 g of NS-TiO, interacted with 100 mL
of the contaminant solution, 83% and 100% degradation was observed
within 121 min, indicating that the NPX removal is better than the IBP.
Intermediates such as aromatic ketone and carboxylic acid were formed
for the IBP, while none was observed for the NPX (Eslami et al., 2020).

In another recent study, esomeprazole, an S-isomer of omeprazole,
an anti-ulcer drug, was degraded using g-C3sN4/NiO/ZnO/Fe304 (Raha
and Ahmaruzzaman, 2021). It was reported that 95.5% of the esome-
prazole was degraded within 70 min. Further study on the influence of
H,0; introduction into the system was carried out, and it showed that it
had a positive impact on the degradation of up to 98.35% was degraded.
g-C3N4/NiO/ZnO/Fe304 was reported to be stable after five degradation
cycles. It followed the pseudo-first-order with a reaction rate of 0.6616
min~!. The major radical driving the degradation process was reported
to be "0, and "OH coupling of NIO and ZnO which has wide gaps (3.7 eV
and 3.2 eV) respectively and g-C3N4 which has a narrow bandgap and
also explores the synergistic effect of all the functional moieties present
in the photocatalyst played a major role in the degradation of the eso-
meprazole (Raha and Ahmaruzzaman, 2021).

MXenes are a new class of two-dimensional layers nanomaterials that
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consist of transition metal nitrides, carbides and carbonitrides (Yu et al.,
2021). This material was used to degrade naproxen (NPX).
CoFe204@MXene was synthesized and applied in a peroxydisulfate
medium, and 91.1% of NPX was degraded in 90 mins. The radicals
involved in the catalytic degradation reaction were reported to be O3,
*OH, SO%~, and S;0%~ and non-radical (105) (Fayyaz et al., 2021; Yu
et al., 2021). It has been reported that the solar-driven electronic exci-
tations are capable of the splitting peroxo (O—O) bond in perox-
ymonosulfate/peroxydisulfate (PMS/PDS) and oxidants to generate free
radicals, such as SO4°~ and OH®, 0O2°~ radical, which can speed up
degradation reaction (Hasija et al., 2021).

The synergistic effect between N-vacancies and C-dots decorated
GCN present in C-dot@ND-g-C3N4) to improve the photocatalytic effi-
cacy for degradation of ciprofloxacin has also been investigated. The
visible light harnessing ability of the g-C3N4 was aided by the intro-
duction of N-vacancies by tuning bandgap energy to about 2.6 eV,
enriching its charge separation capacity. The incorporation of C-dots
aided the capturing and migration of excited electrons to combine with
available oxygen. The *OH and °*O; radicals were reported as the main
reactive species that aided the degradation of ciprofloxacin (Kumar
et al., 2021; Zhang et al., 2019). Successful defect engineering in g-C3N4
has been reported to substantially impact optical absorption, charge
isolation and surface photoreaction ability of the material and has
advanced its applications in photocatalytic water splitting, CO5 reduc-
tion, Ny fixation, degradation of pollutants, and peroxide production
(Kumar et al., 2021; Raizada et al., 2017).

5.2.2.3. Endocrine-disrupting chemicals (EDCs). In a very recent study,
four steroid estrogens were estrone (E1), 17p-estradiol (E2), estriol (E3),
and 17a-ethynylestradiol (EE2), present in tap water were degraded by
heterogeneous TiO, photocatalyst s synthesized by Padovan et al.
(2021). After 3 h, at optimum conditions pH 6.8, it was reported that the
flow rate (250 mL min~!) and the concentration of the contaminants
(250 pg/L) degraded 85% of the E1, E2, E3, and EE2, respectively. The
treated tap water was tested for estrogenic activity using a human breast
cancer cell MCF-7 cell line, in which the cell growth depends on the
presence of estrogen. It was observed that even after the increase of the
reaction time to 9 h, the treated water estrogenic activity was still pre-
sent, It could not be eliminated (Padovan et al., 2021).

In another study carried out by Al-Hajji et al. (2021), diethylbestrol
(DES) E1, E2, E3, and EE2 were degraded by Au/TiO5 photocatalyst in
the presence of both the UV and visible light irradiation. It was reported
that the degradation efficiency of the DES, E1, E2, E3, and EE2 under UV
irradiation was determined to be 99.5, 100, 100, 97.2, and 100% in 30
min. Al-Hajji et al. (2021) further went to check the efficiency of
Au/TiOxfor the degradation of a cocktail mixture of E1, E2, and EE2, and
the efficiency was determined to be 97.8, 88.6, and 92.1% in 40 min,
showing little competition for the active sites by each of the contami-
nants. It was reported that when visible light irradiation was employed,
the E1, E2, and E3 were almost completely degraded in 75 min. The
radical playing a significant role in the degradation of the five estrogens
was reported to be OH.

A synthetic androgen 17a-methyltestosterone (MT) was mineralized
using TiO,-Gd>* and TiO,-Sm>* as fabricated by Arévalo-Pérez et al.
(2020). The experiment was carried out in a solar simulator using, and
the two photocatalysts were screened; TiO,-Sm>* was reported to be the
best mineralizing the MT to about 15% after 180 min reducing the
androgenic activity. The photocatalyst was said to be stable after five
mineralization cycles. Doping the TiO, with the rare earth ion increased
the photocatalytic activity of the photocatalyst (Arévalo-Pérez et al.,
2020).

Bayode et al. (2020) synthesized K-ZnO/C/GO to degrade E1, E2, E3,
and EE2.the photocatalyst was supported on kaolinite clay with carbon
interlayer. It was reported that the degradation efficiency of the estro-
gens was>90% in 240 min under normal laboratory lightening. Bayode
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et al. (2020) further carried out the scavenging test to confirm the
radical species responsible for the estrogen degradation, and it was the’
0, that can undergo redox reactions to form OH radical. K-ZnO/C/GO
was reported to be stable after three degradation cycles and very effi-
cient for the degradation of estrogens in real-life wastewater and
simulated wastewater mixture of the estrogen. The toxicity test was
carried out to determine if the treated water was safe, and it showed that
it was mildly toxic (Bayode et al., 2020).

In another recent study, bisphenol A (BPA), a plasticizer, was
degraded using TiOo—3@ND composites synthesized by Hunge and his
Co-workers. 100 mL of BPA (10 ppm) interacted with 8 mg TiO2 3@ND,
and the complete degradation of BPA was reported within 100 min
under UV irradiation. The excellent photocatalytic activity of the
TiO2—3@ND composites was due to the delay in the recombination rate
and alignment between the nanodiamond (ND) and TiO5 and the
effective charge separation (Hunge et al., 2021). 4-Octylphenol (4-OP)
another class of EDCs was degraded using ZrO,/AC under visible light
irradiation. The reaction was carried out in a batch reactor. It was re-
ported that ZrOy and the binary combination ZrOy/AC degradation ef-
ficiency was 58% and 97% within 180 min. The result indicates the
positive influence of the AC on enhancing photocatalytic activity. The
synergistic effect between the AC and ZrO2/AC improved the degrada-
tion process; AC has been reported as an electron sink reducing
recombination rate. The photogenerated hole and electron on the sur-
face also took part in the photocatalytic reaction which led to the
mineralization of the 4-octylphenol (Ali et al., 2019) as shown in Fig. 10.

Adsorption-assisted photocatalysis was used for the degradation of
2,4-Dinitrophenol. The photocatalyst was fabricated via a green syn-
thesis approach by employing the use of bamboo leaves as precursors
(Hasija et al., 2019). The derived quaternary nanocomposite photo-
catalyst PGCN/Agl/ZnO/CQDs efficiency was tested for the degradation
of 2,4-DNP under optimum conditions (pH 4, DNP concentration 1 x
10~* mol/dm™3, reaction time 2 h, catalyst dose 50 mg, light intensity
750 1x). It was reported that 98% of the pollutant was degraded in 2 h
and the major reactive species aiding the optimum degradation of 2, 4-
DNP were h*,:02 and OH. The reusability of the photocatalyst was very
good as the efficiency was reported to be 89% after 10 reuse cycles. The
CQD acts as the carbon source, enhancing the adsorption of the pollutant
to the surface of the photocatalyst, where they react with the active
species to undergo photo-oxidation. It also serves as an electron sink,
reducing the recombination rate (Hasija et al., 2019, 2021).

5.2.2.4. Personal care products (PCPs). Ojha et al. (2021) reported the
degradation of triclosan (TCS), an antibacterial and anti-fungal agent
formed in cosmetic products with a ternary composite CdS@TiO2-rGo
under visible light. 40 ppm of triclosan (100 mL) solution was interacted
with 40 mg of CdS@TiO»-rGo to evaluate the degradation efficiency.
After 6 h the photocatalytic efficiency was reported to be 85%. Ojha
et al. (2021), Also reported that CdS@TiO,-rGo was found to be stable
after five degradation cycles with a slow decrement in the photocatalytic
efficiency, and the performance of the photocatalyst was aided by the
presence of the rGO, which can harvest light in the visible region and
promotes the movement of electron and organic molecules in the pho-
tocatalyst (Ojha et al., 2021).

In a very recent study, Mohan and his co-worker degraded methyl-
paraben (MeP), a widely used PCP, due to their antimicrobial property
with reduced graphene oxide/cadmium sulfide (RGOCS) photocatalyst.
The experiment was carried out in a photoreactor under optimum
experimental conditions (pH 3, 750 mg/L RGOCDS dosage, 30 mg/L
Mep concentration), and the photocatalytic efficiency was 98% within
90 min. Mohan et al. (2021) went further to perform the scavenging test
to confirm the radical playing a vital role in MeP degradation, and it was
confirmed to be’OH. The RGOCDS was reported to be stale after 9
degradation cycles making it a very efficient photocatalyst for the
degradation of MeP both economically and environmentally. To
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ascertain that the treated water was not toxic, myotoxicity and phyto-
toxicity test was performed using C. albicans, A. niger and V. radiata,
respectively, and it showed to have no inhibition on their growth, also
confirming the RGOCDS and other tailored cadmium sulfide-based
photocatalysts, as environmentally benign (Mohan et al., 2021;
Sharma et al., 2021b).

Ding et al. (2020) reported the degradation of dibutyl phthalate
(DBP) commonly used in special paints and some additives with mag-
netic Ag/TiO2 composite photocatalyst. The experiment was carried out
in the batch mode and under optimum conditions (20 mg/L DBP con-
centration (200 mL), 0.02 g Ag/TiO5 dose, pH 7), and the degradation
efficiency achieved was 74% under visible light from a fluorescence bulb
after 180 min (Ding et al., 2020). Further study to ascertain if in-
termediates were formed during the reaction was carried out. It was
reported that benzoic acid, diethyl phthalate, dipropyl phthalate, and
methyl benzoic were formed and could be further mineralized as shown
in the pathway in Fig. 11. The photocatalyst was reported to be stable
after five degradation cycles (Ding et al., 2020).

Ruidiaz-Martinez et al. (2020) reported the degradation of ethyl-
paraben (EtP) using rGO-TiO». The experiment was carried out in a UV
reactor system under optimum conditions (700 mg/L, pH 6, EtP 15 mg/
L), it was reported that 98% of EtP was degraded after 40 min. It was also
reported that the OH played the most significant role in the degradation
of EtP. The presence of CI~ and HCO3 ~ anions reduced the degradation
rate due to their competition with the EtP for active sites and reactive
species. The cytotoxicity test was also carried out using HEK cell
viability, and it proved not to be toxic by not inhibiting the cell growth
(Ruidiaz-Martinez et al., 2020).

5.2.2.5. Pesticide, herbicide and fungicides. In a very recent study, imi-
dacloprid, a neonicotinoid type of insecticide, was degraded with
ternary photocatalyst Au-SnO,-CdS nano-heterojunction synthesized by
Mohanta and Ahmaruzzaman (2021). The experiment was conducted in
a homemade photoreactor consisting of one Philip bulb (30 W, 470 nm).
Imidacloprid was reacted with Au-SnO,-CdS under optimum conditions
(pH 4, imidacloprid concentration 0.1 mg/L catalyst dose 3 mg/L), and
the degradation efficiency was 95% with a pseudo-first-order reaction
rate of 0.00156 min ! within 180 min. Mohanta and Ahmaruzzaman
(2021) also examined the stability and reusability of the Au-SnO,-CdS,
and it was reported to be stable over six cycles, with only 15.5% of the
efficiency reducing on the sixth cycle. The performance of the Au-SnO,-
CdS was compared to other recently reported photocatalysts for the
degradation of imidacloprid (HPW/TiO5 83%, Ag-ZnO 52%), and it was
found to be more efficient than them. The plausible mechanism of
degradation of Imidacloprid is shown in Fig. 12.

Methyl parathion (MPT), Pemdimthalin (PDM), and trifluralin (TFL),
a known carcinogen and are mutagenic, were degraded by Veerakumar,
and his co-workers synthesized two photocatalysts Ag@ZnONST and
Pd@ZnONST. The experiment was carried out under optimum condi-
tions. It was reported that PdA@ZnONST had the best degradation effi-
ciency of 99.8% for the degradation of MP, PDM, and TFL. The catalytic
stability of PdA@ZnONST was examined, and it showed to be stable over
six degradation cycles. The solution was analyzed using ICP-OES for
leaching of Zn, Ag, and Pd atoms, and it was confirmed that no
observable loss of the metal was seen in the solution. The’OH formed
radical is the oxidizing hole facilitating the degradation of the pesticide
and herbicide (Veerakumar et al., 2021).

Dichlorodiphenyltrichloroethane (DDT), a known carcinogen used
as a pesticide was degraded using Fe/Go and Cu/Fe/GO synthesized by
Le et al. (2020). The experiment was carried out under optimum con-
ditions (catalyst dose 0.2 g/L, pH 5, DDT concentration 4 mg/L), and the
degradation efficiency was reported to be 85% and 99.2%, respectively
for Fe/Go and Cu/Fe/GO It was also reported that the DDT was entirely
oxidized to water, carbon dioxide, and HCL as observed after the LC-MS
analysis. The Cu/Fe/GO was reported to be stable after four degradation
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cycles and the XRD characterization also confirmed no change in the
morphology of Cu/Fe/GO. However, there was a reduction in the Fe
peak intensity 20 = 24 due to the leaching of iron in the solution (Le
et al., 2020).

Chlorpyrifos, a pesticide very toxic to non-target organisms, was
degraded using nHAP@CFGO/ZnR by Anirudhan et al. (2021). The
experiment was carried out in a photoreactor in the presence of visible
light under optimum conditions (pH 3, CPF concentration: 5.0 mg/L),
and the degradation efficiency was reported to be 100% in 30 min. in
other to determine the active species playing a significant role in the
degradation reaction, a radical scavenging test was performed and it was
confirmed that OH radicals are the major active species responsible for
the superior photocatalytic activity of nHAP@CFGO/ZnR. The
nHAP@CFGO/ZnR photocatalyst showed to be stable after five degra-
dation cycles making it good for reuse and a promising photocatalyst for
water purification (Anirudhan et al., 2021).

5.2.2.6. Polycyclic-aromatic hydrocarbons (PAH) and polychlorinated bi-
phenyls (PCBs). Two polycyclic-aromatic hydrocarbons (PAHs)
Anthracene (ANTH) and its S isomer phenanthrene (PHEN) were
degraded using metal oxide-Chitosan nanocomposites (ZnFe;04-CS,
CuO-Fey03-CS, NiFep04-CS, Co003-Fe304-CS, and FeCry04-CS). The
experiment was carried out under optimum conditions (neutral pH,
PHEN and ANTH concentration 2 mg/L, photocatalyst dose 20 mg), and
the degradation efficiency was ZnFe04-CS, CuO-Fe;03-CS photo-
catalyst was >90%, while Co203-Fe304-CS and FeCry04-CS was >80%
for the removal of ANTH and PHEN. The degradation of the ANTH was
higher than that of the PHEN because it is more stable. Rani and Shanker
(2020) also reported that the radical species played an important role in
the degradation of PHEN and ANTH. The reusability and stability per-
formance of the photocatalyst was examined, and it was stable over ten
degradation cycles. The ZnFe;04-CS was the most stable (1st cycle 95%,
10th cycle 91%), the powder XR also confirmed no change in the pattern
of ZnFe;04-CS (Rani and Shanker, 2020).

Fe304@p-CD/g-C3N4 nanocomposite photocatalyst was fabricated
for the degradation of six polychlorinated biphenyls (PCBs) (PCB 28,
PCB52,PCB 118, PCB 153, PCB 180, PCB 194) (Wang et al., 2022b). The
degradation of the six PCBs was between 77% - 98% within 55 min, and
the kinetic followed the pseudo-first-order with the rate ranging be-
tween 2.7 x 1072 to 6.5 x 1072 min~'. It was reported that the OH
radical played a major role in the degradation process. Wang et al.
(2022b) went further to study the efficiency of the Fe304@p-CD/g-C3N4
on real-life effluent, and it was efficient with degradation of 69-89%.
The photocatalyst was stable after six degradation cycles. The syner-
gistic effect between the Fe304, p-CD, and g-C3Ny4 played a vital role in
the efficiency of the photocatalyst, as shown in Fig. 13 (Wang et al.,
2022b).

Metals and metal oxides are widely for the preparation of photo-
catalysts used in water splitting, CO5 reduction, clean energy produc-
tion, environmental remediation, and other industrial processes.
However, these metal-based catalysts are expensive, have poor dura-
bility, are susceptible to poisoning/deactivation and pose an environ-
mental risk (Liu and Dai, 2016). Therefore, carbon-based photocatalysts
were explored as an efficient, low-cost, metal-free alternative, that has
shown great potential in catalytic processes and proffers solutions to
some of the limitations of metal-based catalysts.

The synthesis of g-C3N4 goaded Z-scheme photocatalytic systems has
proffer solutions to optical absorption deficiency and faster recombi-
nation. The selection of suitable supporting semiconductor material for
g-C3Ny4, which possesses a strong visible-light response, high stability
and oxidation potential can effectively enhance the photocatalytic ac-
tivity (Kumar et al., 2020b; Bankole et al., 2022). Potentially, g-C3N4
based Z-scheme photocatalyst can significantly enhance processes
required for decontamination of pollutants, as well as air clean-up, water
splitting, nitrogen fixation and COy reduction (Kumar et al., 2020b,
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2021; Bankole et al., 2022). However, the practical application of g-
C3Ny is still limited due to the need for appropriate semiconductor
material as an anchor, insufficient visible-light absorption and low
quantum yield.

Generally, the photocatalytic degradation efficiency of the materials
discussed in this review varied between 81 and 100% and most photo-
catalysts performed best at acidic pH between 3 and 7 (Table 3). The pH
plays a vital role in the photocatalytic degradation of contaminants in an
aqueous medium. It influences the binding of pollutants to catalytic
surface and dissociation from material, affects the surface charge of
catalysts which could lead to electrostatic attraction or repulsion, and
alters the oxidation potential of valance band and process variables. It is
also interesting to note that photocatalytic degradation yielded optimal
performance between minutes and few hours (3 h or less).

6. Comparison between adsorption and photocatalytic
remediation approaches

The two different approaches (adsorption and photocatalytic
degradation) for the removal of organic chemical contaminants in water
are both efficient and fast. Photocatalytic degradation is an eco-friendly
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approach as the photocatalysts are environmentally benign and it takes
care of the shortcoming of adsorption which is the transfer of contam-
inant from one phase to another, which results in the generation of
secondary waste after the adsorption process prompting the major
concern of disposal of the spent adsorbents (Zhao et al., 2018; Mashile
et al., 2022). The photocatalytic degradation remediation approach
converts or destroys the organic chemical contaminant into less toxic/
harmful by-products or completely mineralizes it to obtain CO, and
water as end products. The CO, can be trapped and used as a clean
source of energy and the water can also undergo further reactions for
oxygen and hydrogen evolution, which gives this approach more edge
over adsorption. Photocatalytic degradation has proven to be more
efficient than adsorption by the complete removal of the organic
chemical pollutant.

For sustainable engineering, t materials utilized in wastewater
treatment must have potential for reuse. For adsorption processes,
desorption has been identified as a method for regeneration. It is
important to identify an elutant that is eco-friendly and cost-effective,
and one that will not damage the adsorbent material (Lata et al.,
2014; Ahamad et al.,, 2020b). Vakili et al. (2019) listed desorption
agents such as salts, alkalis, acids and chelating acids, and concluded

Table 3
Recent photocatalysts used for the degradation of organic chemical pollutants in water and wastewater.
Photocatalyst Organic Pollutants Optimum Conditions Degradation References
efficiency (%)
RGO/TIO5/Zn0O Bisphenol A PH 5, initial conc. 10 mg/L, catalyst dose 0.025 g, reaction time 3 94.9 (Simsek et al., 2018)
Ibuprofen h 79.6
Flurbiprofen 82.2
W/Ti/SH Ciprofloxacin pH 6.5, initial conc. 10 mg/L, catalyst dose 10 mg/L, reaction 91.7 (Balta and Simsek, 2020)
Caffeine time 180 min 93.7
Orange II 86.2
mpg-C3N4/Ag/ZnO NWs/  Direct Orange 26 PH 6, initial conc. 5 mg/L, number of plates 4, reaction time 120  94.0 (Hassani et al., 2020)
Zn min
PGCN/AgL/Zn0O/CQDs 2-4-6 PH 4, initial conc. 10 mg/L98, catalyst dose 50 mg, reaction time >90 (Hasija et al., 2019)
Dinitrophenol 140 min
BiCo-MCP/H202 Imidacloprid pH 3, initial conc. 15 mg/L, reaction time 5 h 81 (Liang et al., 2021b)
Oxygen-rich EGCN; ZnS/ Bisphenol A Initial conc. 2 mg/L, temperature 25 °C, catalyst dose 500 mg/L, 99.8; (Sahu et al., 2021); Al-Kahtani
NSDC reaction time 120 min. 88.0 et al., 2019
Catalyst dose 0.2 g/L, reaction time 120 min.
C/Zn0O/CdS 4-chlorophenol Initial conc. 10 mg/L, catalyst dose 0.05 g, reaction time 120 min 98 (Lavand and Malghe, 2015)
Au/-Pd-TiO5-ZnO Malathion Initial conc. 10 mg/L, catalyst dose 0.05 g, reaction time 120 min 98.2 (Vaya and Surolia, 2020)
TNTs@AC 17p-Estradiol pH 7, initial conc. 1 mg/L, temperature 25 °C, catalyst dose 0.5g/  99.8 (Huang et al., 2020)
L, reaction time 120 min
BiaWOg Norflaxin pH 10.5, initial conc. 10 mg/L, catalyst dose 10 mg/L reaction 920 (Chen and Chu, 2016)
time 20
CuBiy04/AgsPO04 Diclofenac sodium Initial conc. 10 mg/L, catalyst dose 10 mg/L, reaction time 120 85.5 (Chen et al., 2020b)
min
TiOy/Fe;0score shell Paracetamol Initial conc. 50 mg/L, catalyst dose 1.2 g/L, reaction time 90 min 98 (Abdel-Wahab et al., 2017)
Bi;O9l3/BisO71 Triclosan Initial conc. 20 mg/L, catalyst dose 0.05 g/L, reaction time 180 89.28 (Chang et al., 2019)
min
Zn0/Sn02 Methylene blue Initial conc. 20 mg/L, catalyst dose 0.2 g/L, reaction time 60 min 97 (Lin et al., 2018)
CuO/TiO,/PANI Chlopyrifos pH 7, initial conc. 5 mg/L, catalyst dose 45 mg/L, reaction time 95 (Nekooie et al., 2021)
90 min
CuAl,04/8-C3N4 Tetracycline Initial conc. 100 mg/L, catalyst dose 10 mg/L, reaction time 60 90 (Chen et al., 2021)
min
N-doped SiO, PCB-209 pHO9 97.3 (Li et al., 2021a, 2021b)
Fe@PSK@GO Estrone PH 6, Initial conc. 2 mg/L, catalyst dose 0.7 g/L, reaction time 81 (Bayode et al., 2021b)
17p-estradiol 720 min 89
Estriol 84
17a- 93
ethynylestradiol
Fe30,@rGO@m- Metformin pH 5.4, Initial conc. 20 mg/L, catalyst dose 1 g/L, reaction time 100 (Cheshme Khavar et al., 2019)
ZnO@Ag-NPs 60 min
Ag@g-C3Ny4 Morphine pH 2, Initial conc. 20 mg/L, catalyst dose 0. 17 g/L, reaction time ~ 93.2 (Azizi-Toupkanloo et al., 2019)
180 min
Fe30,@rGO + K2S04 Rhodamine B pH 4.34, Initial conc. 20 mg/L, catalyst dose 200 mg/L, reaction 95 (Pervez et al., 2020)
time 120 min
MoS,/ZnS@NSC Dicofol PH 4, reaction time 90 min 84.5 (Ahamad et al., 2020a)
Fe304/carbon Methylene Blue Reaction time 100 min 100 (Liu et al., 2021)
Mn-BiOCl Metronidazole PH 2, Initial conc. 20 mg/L, catalyst dose 100 mg/L, reaction time 94 (Cao et al., 2015; Yao et al.,
15 min 2021)
Ag,0-Ag,C0O3/g-C3Ny Nitrophenols Initial conc. 0.04 mM, catalyst dose 10 mg/L; reaction time 2min 100 (Bankole et al., 2022)
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that acid eluents have the highest desorption efficiency for regeneration.
Other techniques for regenerating spent adsorbents include chemical,
thermal and biological methods (Momina et al., 2018). The reuse of the
adsorbents over different cycles can result in the leaching of some of the
organic chemical molecules that were not desorbed into the solution,
thereby reducing the efficiency of the adsorbent, which is not the case
for photocatalyst as the organic chemical molecule has been mineralized
(Gusain et al., 2019). Various studies have reported the regeneration and
reuse potential of photocatalysts over numerous cycles in the degrada-
tion of organic pollutants. Adenuga et al. (2021) reported 79% degra-
dation of tetracycline even after three cycles when using AgCl/
Biz4031Clyo as a visible-light photocatalyst. Similarly, the recyclability
of titanium dioxide (P25) and titanium dioxide grafted p-cyclodextrin
(P25/p-CD) used for the photocatalytic degradation of 2,4-dichlorophe-
noxy acetic acid have been reported. They report between 82.6 and 84%
efficiency of the photocatalytic materials after five cycles of irradiation
(Safa et al., 2019).

Interestingly, in most photocatalytic degradation, adsorption plays a
vital role as the contaminants are first adsorbed on the surface of the
photocatalyst, and the photodegradation takes place on the surface
through the hole or the active species. So many researchers have re-
ported that adsorption enhances photodegradation, as the surface area
of the photocatalyst plays a big role in electron injection. Some studies
have synthesized materials with adsorptive and photocatalytic poten-
tial. Chitin-cl-poly(itaconic acid-co-acrylamide)/zirconium tungstate
nanocomposite hydrogel was developed for the removal of sulphon
black dye with 92.66% removal under adsorptional-photocatalysis
conditions (Sharma et al., 2021a). Wei et al. (2021) also established
that the photocatalytic degradation of methylene blue using CeO,/g-
C3N4 was enhanced by adsorption, and that through photodegradation,
the adsorption sites on the photocatalyst were regenerated. Table 4
entails a further comparison between the two remediation techniques.

7. Water treatment challenges and prospects in developing
countries

Most developing countries do not have extensive environmental
monitoring programs for emerging chemical pollutants and lack strict
legislative guidelines for several chemical wastes, resulting in the
inability to set the maximum permissible levels for several hazardous
compounds in water bodies (Adeola and Forbes, 2022). Therefore, there
is a need to carry out detailed risk assessments of several emerging
chemical pollutants in water bodies and set permissible levels in terms of
concentrations in effluents discharged into water bodies. Several ad-
sorbents and photocatalysts described in this survey are still prototypes
that have not undergone field applications, while a handful has been
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applied on an industrial scale and proved efficient. However, there are
drawbacks such as high operational cost, fouling, difficulty in regener-
ation, long treatment time, generation of a large amount of sludge or
secondary pollutants, etc. (Adeola and Forbes, 2021; Adeola et al.,
2022b; Bayode et al., 2021a; Pathak et al., 2022).

There is an urgent need for the development of more efficient
wastewater, sewage, and drinking water treatment methods in devel-
oping countries, to reduce the risk and adverse effects of exposure to
these pollutants. The lack of advanced analytical facilities in most
countries has constrained research and development efforts. The syn-
thesis of green nanomaterials and specialized materials such as carbon
nanotubes and graphene have been limited to countries with research
facilities that can purchase advanced equipment such as the CVD in-
strument used for eco-friendly preparation of these adsorbents and
photocatalysts. Therefore, there is a need for more research funding
through public-private partnerships between government agencies and
industries in both developing and developed countries, towards
improving existing water treatment strategies and preventing the
destruction of our ecosystem. More compact, cost-effective, robust, and
efficient water treatment technologies such as membrane technology
and integrated systems (combination of two or more techniques) hold
great potential for pollution remediation, without the extensive use of
chemicals.

Initial hype about photocatalytic treatment was based on
outstanding performance under unrealistic lab settings that allowed
treating small volumes of water with high energy-intensive lamps. Major
challenges were identified in real water matrices, in which degradation
kinetics had decelerated due to the presence of scavengers and
competing species. Gauging the effectiveness of photocatalysts thus
needs to occur in more-realistic environments and consider the influence
of natural organic matter and inorganic species. Further research to
improve, even optimize, the photocatalyst performance in complex en-
vironments and large volumes as well as mimicking natural water in
real-world environments is also urgently needed. Understanding the
effects of water matrices can aid in strategizing novel materials or at
least identifying niche applications of photocatalytic processes.

Considering the true scale of environmental pollution, a prominent
challenge to the translation of photocatalytic technology is the inability
to design a reactor and the cost of manufacturing reactors that can treat
large volumes of water (e.g., lakes and reservoirs). Reactor design and
techno-economic evaluation remain an enormous challenge to the
practicality of photocatalytic degradation of pollutants in real-life water
systems. Future studies should focus on the development of benchmark
reactors and compare passive and active treatment technologies towards
harnessing a promising photocatalytic treatment approach for organic
pollutants.

Table 4
Concise comparison between adsorption and photocatalytic degradation remediation techniques.
Basis/factors Adsorption Photocatalysis References
Cost It is cost effective It is not, as some of the semiconductors, light sources and (Bayode et al., 2020; Crini and
reactors are expensive. Lichtfouse, 2018)
Efficiency/Safety It is efficient but has the shortcoming of It is highly efficient and environmentally safe. (Gusain et al., 2019; Mohammad and

secondary waste generation

Ease of application It is easy to operate and easily adaptable

Process duration The process takes time. Some reactions can last
for days for optimum performance.

Sensitivity to
environmental/process
conditions

Reusability

It is influenced by operational variables like pH,
Adsorbent dose, contaminant concentration,
temperature, ionic strength, etc.

Some adsorbents are not regenerable due to
irreversible pore deformation

It can be used for the treatment of a wide range of
contaminants from organic, inorganic and
microbial.

Range of pollutants

It is not too easy to operate when it comes to using a
photoreactor, it requires expertise.
The process is very fast.

It is influenced by operational variables like light
intensity, pH, photocatalyst dose, contaminant
concentration, ionic strength, dissolved oxygen, etc.
Most photocatalysts can be reused

Significantly used for the treatment of organic pollutants.

Ahmed, 2017, Adeola and Forbes,
2021)

(Gusain et al., 2019; Mudhoo and
Sillanpaa, 2021)

(Chen et al., 2021; Iwuozor et al.,
2021; Zhao et al., 2018; Sharma

et al., 2021b)

(Adebiyi et al., 2021; Adeola et al.,
2022b; Omorogie et al., 2018; Adeola
and Forbes, 2021)

(Gusain et al., 2019; Ore and Adeola,
2021; Pathak et al., 2022)

(Adeola et al., 2022a, 2022b; Bayode
et al., 2021a; Ololade et al., 2018;
Omorogie et al., 2016)
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8. Conclusion

The occurrence of chemical pollutants in water bodies raises concern
due to their bioaccumulation potential, non-target exposures, and
adverse health effects. Water reusability must be considered due to the
increasing demand for clean water; thus, wastewater treatment plants
should be improved to handle the fast-growing environmental and
economic demands for safe water. In this article, an extensive biblio-
metric analysis was carrried out on adsorption and photocatalysis as
remediation strategies for organic pollutants in water. The synthesis of
various photocatalysts and carbon-based adsorbents were briefly dis-
cussed. Furthermore, the mechanism of degradation of different classes
of pollutants was evaluated while considering the removal efficiencies
and process variables for optimal performance. The use of cheap and
eco-friendly carbon-based adsorbents and semiconductor photocatalysts
remains the most cost-effective and widely utilized remedial approach to
date, with green photocatalysts and nanocomposites holding immense
potential for future practical applications. As shown in this review, most
studies focused mainly on single pollutant degradation or adsorption.
For future studies, it will be beneficial to evaluate the adsorption and
photocatalytic remediation of polluted water with multiple contami-
nants and establish the effect of natural organic matter on photocatalytic
processes in real water samples. Also, more robust, efficient and eco-
friendly nano-adsorbents and photocatalysts are required. Over the
years, ease of industrial application of carbon-based materials for in-
dustrial/municipal water treatment and operational cost of photo-
reactors has offered considerable limitations. Therefore, emerging
technologies must seek to surmount these challenges and proffer solu-
tions more adaptable for large-scale practical applications in developing
countries of the world.
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